The imidazolyl-phenolic probe used at the present study has its photophysic properties regulated by a tautomeric equilibrium. After the absorption of a photon, an excited state intramolecular proton transfer process generates a ketonic species, responsible for the 440 nm emission (in CH 3 CN/H 2 O, 95:5, v/v ). The trivalent ions led to the formation of a locked-enol tautomer that emits at shorter wavelengths; this coordinated compound is also quenched at metallic ions concentrations above 20 μmol L -1 , due to a collisional process. When compared to another imidazolyl-phenolic probe, experimental and simulated data revealed that fluorescent, steric and electronic effects regulate their sensitivity towards the ions.
Introduction
The development of chemosensors for the detection of metallic cations in solution is a current topic of research, which elegantly combines preparative organic chemistry and spectroscopic studies, with the ultimate goal of applying such sensors for biological and environmental purposes. [1] [2] [3] Fluorescent probes are frequently used as the detection unit of chemosensors, combined with a recognition unit; 4 nonetheless, some fluorescent probes may act as a single detection/recognition system. In either case, the chemosensor efficiency depends on how strong is the binding interaction of the sensor with the metallic ion in solution. The presence of the latter can be indicated by changes on the properties of the free fluorescent sensor, such as the emission wavelength and/or intensity, or the appearance of a new band due to coordination of the sensor with the metallic cation. 5, 6 Generally, chemosensors are based on a switching on/ off mechanism, 7 such that there is a relationship between emission intensity and metallic ion concentration. Switching on mechanism occurs when an increased concentration of metallic ions enhances the emission intensity of the fluorescent sensor. 8 In the opposite way, switching off mechanism is the quenching effect of the emission intensity with increasing concentration of metal ions. 3 In recent years, [9] [10] [11] [12] [13] several chemosensors were reported to operate based on an excited state intramolecular proton transfer (ESIPT, Scheme 1) process. The ESIPT process can be interpreted as the disturbance of the equilibrium between two tautomers, the enolic (E) and ketonic (K) species, that happens after absorption of a photon. Such phenomenon occurs with an imidazolyl-phenolic framework, 7 as the one present in 2-(4,5-diphenyl-1H-imidazol-2-yl)phenol (1) 14 and its derivative 2,4-di-tert-butyl-6-(4,5-diphenyl-1H-imidazol-2-yl)phenol (2) . 13 The phototautomerization reaction occurs once that the E 0 tautomer is the most stable on the fundamental state (when compared to K 0 ) and, after the formation of the excited state E 1 , the ESIPT process generates the more stable electronically excited tautomer K 1 . After deactivation of the K 1 state through the emission of a photon, the system thermally equilibrates from K 0 back to the more stable E 0 species. Since there is a wide difference in the energy levels of the enolic (E 0 → E 1 ) and ketonic (K 1 → K 0 ) species, this system displays a large Stokes shift (regularly, greater than 100 nm). 7 This results in the non-existence of an overlap of the emission and absorption bands, making these promising compounds for use as fluorescent probes. 15 The presence of certain metallic ions induces the formation of a complex, which prevents the formation of the ketonic species and, thus, the ESIPT process is inhibited, changing the emission profile of the probe (Scheme 1). 7, 13 Our research group recently reported the application of compound 2 as a fluorescent sensor to detect Al 3+ , Cr 3+ , Fe 3+ and Cu 2+ ions, 13 which occurs due to the formation of a complex and inhibition of the ESIPT process, thus, quenching the ketonic species emission. Moreover, the interaction between 2 and the aforementioned trivalent cations results on a new emission band, attributed to the fluorescence of a locked-enol tautomer, stabilized due to coordination. 13 In this sense, it can be said that chemosensor 2 works through a simultaneous switching on/off mechanism, with both quenching and enhancing of emission signals occurring at the same system, a desirable aspect of any sort of chemosensor. 7 However, the presence of the tert-butyl groups in 2 enhances the low-lying vibrational/rotational modes available to absorb the excess energy, resulting on a low fluorescence quantum yield (Φ FL < 0.1) of the probe. 16 The non-existence of this so-called free rotor effect 16 in compound 1 can potentially increase its Φ FL , when compared to probe 2, and this may have a positive feedback on the sensitivity of this system to detect metallic ions. The synthesis of compound 1 has been previously reported in many studies, 14, 17, 18 as well as its photophysical properties in methanol, dimethylformamide, tetrahydrofuran 14 and acetonitrile, 18 with comments made on its ESIPT behavior. 14 We have observed that fluorescent sensor 1 is more sensitive to the presence of these metallic ions than the tert-butyl derivative 2, previously studied by our group, 13 even these two probes bearing the same imidazolyl-phenolic framework. Expanding what has been done before, the analysis proposed herein suggests that this is due to a combination of factors: the higher fluorescence quantum yield of probe 1 and a reduced steric hindrance, with simultaneous increased nucleophilicity, of its coordination site, the latter evidenced by simulated electrostatic potential maps.
Experimental
UV-Vis absorption spectra were recorded on a Varian Cary 60 with a multicell holder thermostatized at 25 °C by a Varian Cary PCB 1500 system. Fluorescence spectra were recorded on a Varian Cary Eclipse (PMT voltage set at 650 V; both excitation and emission slits at 2.5 nm) with a single-cell holder thermostatized by a Varian Cary PCB 1500 system. Infrared spectrum was recorded on a PerkinElmer FTIR Spectrum Two coupled to an UATR Two accessory, used for measurements of the sample in the solid state. Gas chromatography coupled to low resolution mass spectrometry (GC-MS) analysis were performed on a Varian 4000, with electron impact ionization, an ion trap analyzer and a CP-8400 automated sampler. CHN composition was obtained in a PerkinElmer CHN 2400 analyzer, using benzoic acid as standard. Nuclear magnetic resonance (NMR) spectra was obtained at 25 °C on a Bruker AIII 500 MHz spectrometer; chemical shifts (d) are reported in parts per million (ppm) relative to tetramethylsilane (TMS). For the spectroscopic assays with metal ions, the following method was applied: to a mixture of CH 3 3.0 mL solution volume. The absorption or fluorescence spectra (λ ex = 310 nm) were recorded fifteen minutes after the preparation of each solution. Relative fluorescence quantum yields (Φ FL ) were measured by integration of the corrected emission spectra relative to 2,4-di-tert-butyl-6-(4,5-diphenyl-1H-imidazol-2-yl)phenol (2) in ethyl acetate as a standard (Φ FL = 0.11), after applying correction for the refractive indices of the solvents. 19 2-(4,5-Diphenyl-1H-imidazol-2-yl)phenol (1) was prepared and isolated according to the procedure described by Benisvy et al. 20 A 50 mL single neck round-bottomed flask was charged with a mixture of salicylaldehyde (8.8 mmol), benzil (8.6 mmol) and ammonium acetate (64 mmol), in 30 mL of glacial acetic acid. After 2 hours of reflux the reaction was cooled to room temperature and a colorless precipitate was obtained. Afterwards, 30 mL of ice-cold deionized water were added; the crude product was collected by vacuum-filtration, washed with water (5 × 15 mL) and dried by suction. Quantum mechanical calculations were used to obtain structure in a minima of surface energy potential and to calculate the molecular electrostatic potential map (MEP) in ChelpG scheme as implemented in Gaussian-09 program, 21 using density functional theory by means of Becke3-LeeYang-Parr (B3LYP) functional and 6-31G(2d,2p) basis set. In MEP plots, the negative regions regard nucleophilic sites, and the positive regions are electrophilic sites.
Results and Discussion
The fluorescent probe 1 presented absorption bands at 291 and 318 nm, with a single emission band centered at 440 nm (Figure 1 ). This Stokes shift represents a 122 nm (8719 cm -1 ) difference, suggesting that, as expected, the excited state of the keto tautomer (K 1 , Scheme 1) is responsible for the fluorescence emission of the free compound. 7, 13 It is known that 1 follows an ESIPT pathway after photoexcitation (Scheme 1), as previously reported on the literature for such compound 14 and as seen for other substances sharing structural similarities. 7, 13, 22, 23 For comparison, probe 1 has maximum absorption and emission bands at 316 and 430 nm, with a smaller 8390 cm -1 Stokes shift, when methanol is used as solvent.
14 The tert-butyl containing derivative 2 studied by our group absorbs at 294 and 322 nm and emits at 466 nm, also in acetonitrile/water, 95:5, v/v, comprising a 9597 cm -1 Stokes shift. 13 The herein measured fluorescence quantum yields in acetonitrile/water, 95:5, v/v, media for compounds 1 and 2 were Φ FL = 0.350 and 0.013, respectively. As stated in the Introduction section, the two tert-butyl groups increase the number of available vibrational/rotational modes that can absorb the excess excitation energy (free rotor effect), 16 consequently, the non-radiative decay through internal conversion is favored. Compound 1 has a Φ FL almost thirty times higher than 2 in the studied solvent mixture, thus, its application as fluorescent sensor can be explored for the detection of metallic cations due to its increased luminescent properties. . This is significantly different from our system, where no suppression was observed with 1 at 8 × 10 -6 mol L -1 with the addition of Zn 2+ from 1 × 10 -6 to 2 × 10 -5 mol L -1 . At the present study and at the one performed by Eseola et al., 14 the complexation reaction occurred in situ spontaneously, however, Buchholz et al. 17 had to apply reflux conditions to achieve coordination with Co 2+ in ethanol. The present work proposes the application of 1 to detect metallic ions through a spontaneous complexation at ambient temperature; in our case, the interaction between probe 1 and Zn 2+ or Co 2+ in an acetonitrile/water, 95:5, v/v, media was not observed at any extent.
There is a substantial change in the emission profile of compound 1 in the presence of Cu and Fe 3+ a new one originated around 385 nm (Figure 2c ). The appearance of this new emission band indicates that coordination of the fluorescent probe with the ionic species has occurred in solution, 7, 24, 25 generating a locked-enol tautomer (Scheme 2) which fluoresces at 385 nm. It is expected that the locked-enol tautomer would emit at a shorter wavelength than the one for the free keto tautomer emission, due to the relative energy difference between the fundamental and excited states of these species (Scheme 1). 13 Effect of Cu 2+ addition on the emission profile
The successive addition of Cu 2+ ions to a solution containing probe 1 caused a systematic decrease in the 440 nm emission band intensity (Figure 3a) , with a fairly linear intensity vs. concentration relationship (Figure 3b) . The emission band that appeared near 385 nm for the trivalent cations Al 3+ , Cr 3+ or Fe 3+ (Figure 2c ), regarding the formation of the locked-enol tautomer, was not observed within the used Cu 2+ concentration range. Although this may suggest that the locked-enol species is not being generated with Cu 2+ , this is not the case. It seems that Cu 2+ is very efficient in quenching the emission of the enolic tautomer as well, preventing the observation of its fluorescence; this has been previously addressed by our group for the interaction of probe 2 with Cu 2+ . 13 From a correlation between log (I) and [Cu 2+ ] (data not shown) it was possible to determine the limit of detection (LOD) 3 To further understand the types of interaction between 1 and Cu 2+ that can lead to fluorescence quenching, the obtained data was analyzed through a Stern-Volmer treatment (Figure 4) . The observed upward curvature of this Stern-Volmer plot is an experimental evidence for the occurrence of both collisional and static quenching processes. 3 when compared to the previously studied compound 2 (LOD = 11.0 μmol L -1 ). 13 Near 385 nm, the observed rise in emission intensity with increasing metallic ion concentration can be attributed to the augmentation of the locked-enol tautomer concentration. 13 The fluorescence emission of such enolic species increases until it reaches a maximum value for a given concentration of cation, which is similar amid the three trivalent ions: 18, 20 and 20 μmol L -1 for Al 3+ , Cr 3+ and Fe
3+
, respectively (Figure 5d) . A further increase in concentration promotes a decrease on the emission intensity near 385 nm, suggesting that the locked-enol tautomer suffers from a dynamic quenching by the cation (Figure 5d ). This is observable only above a certain cation concentration once that, until that point, the added metallic ion is involved mainly on the formation of the fluorescent locked-enol tautomer, and not on its quenching, which is prominent only at higher concentrations. We were able to determine the Stern-Volmer constant (K SV ) values for the Al ). As shown in Figure 6a , the addition of Fe 3+ decreases the emission intensity at 440 nm at the entire concentration range. This quenching at 440 nm was also observed with Al 3+ and Cr 3+ ions, however, this effect is not observed at concentrations higher than 15 and 18 μmol L . It is not clear as to why there is an apparent second K SV constant at higher Fe 3+ concentrations, since the Stern-Volmer profile of combined static and dynamic quenching usually shows an upward curvature, as seen for the enol tautomer quenching at 385 nm (Figure 5e ), since these processes occur concurrently and not sequentially. When quenching occurs only by one of these mechanisms, straight-line Stern-Volmer plots are observed with the emission intensity dependence with ion concentration. 28 Thus, to the best of our knowledge, it could be inferred that the emission suppression of the locked-enol tautomer (at 385 nm, Figure 5e ) does actually occur by a combination of static and dynamic quenching, whilst the emission suppression of the keto tautomer (at 440 nm, Figure 6b ) occurs by an unusual static-like process. This is referred to as "static-like", since a formal static quenching would produce a non-fluorescent complex, which is not the case here, since the complex being generated is the fluorescent locked-enol tautomer.
Thus, the emission suppression observed at 440 nm shows a straight-line Stern-Volmer plot due to the formation of the locked-enol tautomer, and the concentration region where the phenomenon is observed further justifies this hypothesis: suppression of the emission at 440 nm occurs for the three trivalent cations for concentrations of up to 15 μmol L -1 of the metal ion, which is close to the concentration range where the emission of the locked-enol tautomer at 385 nm stops to rise, since this emission band is associated to its formation, and starts to be suppressed by the cation itself (Figure 5d) . Therefore, the fluorescence behavior of probe 1 in the presence of the trivalent cations Al showing that this metallic cation, in particular, has a higher potential to interact with probes based on an imidazolylphenolic system, such as 1 and 2.
Interaction of imidazolyl-phenolic systems 1 and 2 with metallic cations
It is interesting to perform a more direct comparison between data obtained for the fluorescent sensors 1 and, ] max is the maximum metallic ion concentration featuring in the linear Stern-Volmer treatment. As anticipated, this effect may be associated with the fluorescence quantum yield of these sensors. Compared to 2 (Φ FL = 0.013), the absence of a free rotor effect on fluorescent sensor 1 (Φ FL = 0.350) significantly increases the fluorescence emission of the ketonic species, with direct consequences to the K SV value associated to the probe. Additionally, sensor 2 owns a bulky tert-butyl group in ortho with respect to the hydroxyl group, which may result in increased steric hindrance and a less-accessible coordination site for the cation, hampering the formation of the locked-enol tautomer. Interestingly, the molecular electrostatic potential map (MEP) images obtained for probes 1 and 2 ( Figure 7) imply that the oxygen atom of the OH group and the sp 2 hybridized nitrogen atom of the imidazole ring are both more nucleophilic in probe 1. The calculated charges (Table S1 ) at the oxygen atom of the OH group are -0.564 and -0.439, respectively, for probes 1 and 2; likewise, at the mentioned imidazole N atom, charges are -0.529 and -0.512 for probes 1 and 2. Thus, with an overall more nucleophilic coordination site, probe 1 is more likely to interact with electrophilic cationic species, contributing to the formation of the locked-enol tautomer, which may reflect in higher K SV and lower LOD values.
Conclusions
The absorption and emission properties of the fluorescent sensor 1 can be rationalized in terms of an excited state intramolecular proton transfer (ESIPT), responsible for the observed large Stokes shift of 122 nm (8719 cm -1 ). The absorption and emission bands at 318 and 440 nm are, respectively, attributed to the enolic and ketonic tautomers of the molecule, the latter being generated through the ESIPT process. ions. The signal near 385 nm was attributed to the formation of a locked-enol tautomer, between probe 1 and the cation. This coordinated species also suffers a collisional quenching due to interaction with metallic ions in solution, as evidenced for higher concentrations of the cations. When compared to imidazolyl-phenolic probe 2, it was rationalized that the higher sensitivity of probe 1 towards metallic ions can be attributed to a combination of fluorescent, steric and electronic factors. Even though these probes can be used to detect Cu 2+ , Al
3+
, Cr 3+ and Fe 3+ in the studied CH 3 CN/H 2 O (95:5, v/v) system, their insolubility in water prevents the use in real water samples, for the detection of metallic ions as contaminants, for example. Nevertheless, one can resort to the introduction of a water-soluble group in the chemosensor structure, such as a carboxylic acid, 7, 29 to enable the water-solubility of the imidazolyl-phenolic framework, showing the potential use of such compounds for analytical purposes in environmental analysis. ] max is the maximum metallic ion concentration featuring in the linear Stern-Volmer treatment. 
